The complex nature of magnetic ordering in the spinel Co 2 TiO 4 is investigated by analyzing the temperature and magnetic field dependence of its magnetization (M), specific heat (C p ), and ac magnetic susceptibilities χ and χ . X-ray diffraction of the sample synthesized by the solid-state reaction route confirmed the spinel structure whereas x-ray photoelectron spectroscopy shows its electronic structure to be 
The complex nature of magnetic ordering in the spinel Co 2 TiO 4 is investigated by analyzing the temperature and magnetic field dependence of its magnetization (M), specific heat (C p ), and ac magnetic susceptibilities χ and χ . X-ray diffraction of the sample synthesized by the solid-state reaction route confirmed the spinel structure whereas x-ray photoelectron spectroscopy shows its electronic structure to be Co 2 4 . From analysis of the temperature dependence of the dc paramagnetic susceptibility, the magnetic moments μ(A) = 3.87 μ B and μ(B) = 5.19 μ B on the A and B sites are determined with μ(B) in turn yielding μ(Ti 3+ ) = 1.73 μ B and μ(Co 3+ ) = 4.89 μ B . Analysis of the dc and ac susceptibilities combined with the weak anomalies observed in the C p vs T data shows the existence of a quasi-long-range ferrimagnetic state below T N ∼ 47.8 K and a compensation temperature T comp ∼ 32 K, the latter characterized by sign reversal of magnetization with its magnitude depending on the applied magnetic field and the cooling protocol. Analysis of the temperature dependence of M (field cooled) and M (zero field cooled) data and the hysteresis loop parameters is interpreted in terms of large spin clusters. These results in Co 2 
I. INTRODUCTION
Magnetic spinels are a remarkable class of materials, not only for their many applications, but also because of a wealth of new physics that continues to emerge from their fundamental investigations [1] [2] [3] [4] [5] [6] . These properties result from many variations of the magnetic and nonmagnetic ions that can be accommodated on the tetrahedral A sites and the octahedral B sites in the AB 2 O 4 spinel structure, thus affecting the magnitudes of the superexchange interactions J AA , J BB , and J AB [7] [8] [9] . The presence of nonmagnetic ions on either the A or the B sites can lead to magnetic frustration [10] [11] [12] [13] , which have magnetic ions only on the B sites with ' ' as vacancy, the magnetic ground state is highly frustrated, as first predicted by Anderson in such a case [14] .
We have recently reported on the nature of magnetic ordering in the spinel Co 2 SnO 4 [15, 16] , for which the distributions of the ions on the A and the B sites was established to be [Co 2+ ] A [Co 2+ Sn 4+ ] B O 4 by x-ray photoelectron spectroscopy (XPS). Analysis of the temperature dependence of both the ac and dc magnetic susceptibilities and specific heat measurements showed that Co 2 SnO 4 is a ferrimagnet due to * subhasht@iitg.ac.in † mseehra@wvu.edu slightly different magnetic moments of Co 2+ on the A and the B sites below 41 K, with some dynamical properties [15, 16] .
Co 2 TiO 4 is isostructural to Co 2 SnO 4 in which Sn is replaced by Ti in the former. Although a number of papers have previously reported on the nature of magnetism in Co 2 TiO 4 , the results have been controversial. The magnetic studies of Hubsch and Gavoille [17] and Gavoille et al. [18] reported ferrimagnetic ordering at T N ∼ 55 K followed by spin-glass transition at T SG ∼ 46 K. However, later ac susceptibility studies by Srivastava et al. [19] , showed no indication of T N ∼ 55 K, rather only a single peak in χ ac near 48 K when H dc = 0. In the studies of the temperature dependence of specific heat C p of Co 2 TiO 4 by Ogawa and Waki [20] , only a weak peak in C p vs T was reported near 49 K, which was associated with magnetic ordering, again signaling the absence of a transition near 55 K. The magnetic studies by Hubsch and Gavoille also showed a magnetic compensation point near 30 K [17] . In all these reported studies, it has been assumed that the electronic state of Ti in 
II. EXPERIMENTAL PROCEDURES
The bulk grain size polycrystalline Co 2 TiO 4 and Co 2 SnO 4 samples were synthesized by the standard solid-state reaction method starting with stoichiometric amounts of Co 3 O 4 , TiO 2 , and SnO 2 as precursors. Appropriate amounts of these materials were first ground in an agate mortar and sieved through a 240 mesh. The mixed powders were pressed into pellets of diameter ∼13 mm using a hydraulic press with a maximum load of 5 ton/cm 2 . The pellets of Co 2 TiO 4 were finally sintered at 1120
• C (1350 • C for Co 2 SnO 4 [16] ) for 18 h in air to yield the desired compound without any impurities or unreacted precursors. The structural characterization was performed using a Rigaku x-ray diffractometer (model TTRAX III) with Cu Kα radiation (λ = 1.54056Å) followed by Rietveld refinement of the diffraction patterns using the FullProf program, which confirmed the phase purity of the samples (Fig. 1) . Both dc magnetization and frequency dependence (0.17-1.2 kHz) of ac magnetic susceptibility measurements were performed using a superconducting quantum interference device (SQUID) based magnetometer from Quantum Design with temperature capabilities of 2-320 K and magnetic field (H) up to ±90 kOe. The low-temperature heat capacity data [C p (T )] was recorded by means of a physical property measurement system (PPMS) from Quantum Design. The surface chemical composition of both the bulk samples were analyzed by means of XPS measurements performed with a dual source VG Microtech XPS microprobe system using Al Kα radiation (1486.8 eV) source at a base pressure of 8 × 10 −10 Torr. The XPS data were collected from 0 to 1100 eV of binding energy (B.E.) which is acquired with constant pass energy of 100 eV. All the spectra were analyzed using Gaussian-Lorentzian curve fitting.
III. STRUCTURAL AND ELECTRONIC CHARACTERIZATION
A. X-ray diffraction Figure 1 shows the XRD pattern of the polycrystalline samples of both Co 2 TiO 4 and Co 2 SnO 4 along with their Rietveld refinement done using the FullProf program. These TiO 4 , while the reverse is true for the tetrahedral sites. Such differences in bond lengths at the octahedral and tetrahedral sites in the two systems result from the difference in the ionic sizes. Since the Sn ion is larger than the Ti ions, the B-O bond length in Co 2 SnO 4 is greater than that in Co 2 TiO 4 , resulting in a larger lattice parameter of Co 2 SnO 4 than that of Co 2 TiO 4 as observed experimentally.
B. X-ray photoelectron spectroscopy
For a detailed understanding of the electronic state of elements present in both systems, XPS measurements with Al-Kα x-rays as source were performed. Figure 2 shows the intensity of XPS spectra vs binding energy of the Co-2p core levels for pure Co 3 O 4 , Co 2 TiO 4 , and Co 2 SnO 4 systems. All these spectra exhibit two sharp peaks characteristic of 214434-2 For the XPS spectra of Co-2p 3/2 and Co-2p 1/2 levels, the simulated Gaussian-Lorentzian fitting yields two different intensity peaks with narrow separation labeled by P 1 and P 2 for 2p 3/2 , and P 3 and P 4 for 2p 1/2 , as shown in Fig. 2 
(b).
The observed difference between the doublets E P 1 −P 3 = 14.98 eV and E P 2 −P 4 = 15.43 eV provides the signatures of the Co 3+ and Co 2+ , respectively, as compared to the expected values of E = 15.0 eV for Co 3+ and E = 15.7 eV for Co 2+ [16] . On the other hand, for the Co 2 SnO 4 case, the data shown in Fig. 2(c) give, E = 15.7 eV characteristic of Co 2+ only, and no additional signatures for the Co 3+ state are noticed in Co 2 SnO 4 , as also reported in our recent study [16] . Next, we consider the electronic states of Ti, Sn, and O. For TiO 2 with Ti 4+ as the electronic state of titanium, the binding energy for the Ti-2p 3/2 state is observed at 459.5 eV [25] . However, in the case of Co 2 TiO 4 , the maximum intensity peak for Ti-2p 3/2 appears at 457.65 eV [ Fig. 3(a) ], while the second maximum intensity peak corresponding to Ti-2p 1/2 is centered at 463.53 eV. This result rules out the presence of Ti 4+ state in Co 2 TiO 4 . Instead, the observed position of the peak at 457.65 eV agrees with the previously reported data of Ti 3+ surface defects at 457.7 eV in the TiO 2 system [26] . In addition, these results also rule out the presence of any metallic Ti ions in the Co 2 TiO 4 matrix, which usually show their signatures in XPS spectra at 454 eV. For Co 2 SnO 4 , the sharp peaks observed at 485.65 and 494.8 eV and a weak shoulder at 496.75 eV in Fig. 3(b) 
IV. RESULTS FROM MAGNETIC MEASUREMENTS

A. Temperature dependence of the paramagnetic susceptibility
The temperature dependence of dc magnetic susceptibility (χ ) of both Co 2 TiO 4 and Co 2 SnO 4 for T > 45 K recorded under zero field cooled (ZFC) conditions is shown in Fig. 4 ; here, χ −1 vs T plots are shown with blue circles and green squares as experimental points and red and brown solid lines as fits to the Néel expression for ferrimagnets viz.
The fit for Co 2 TiO 4 yields the following parameters: χ 0 = 41.92 × 10 −3 emu/mol-Oe, σ 0 = 31.55 mol-Oe-K/emu, C = 5.245 emu K/mol Oe, θ = 49.85 K. The ratio C/χ 0 = T a = 125.1 K represents the strength of the antiferromagnetic exchange coupling between the spins on the A and B sites and is often termed as the asymptotic Curie temperature T a . In Table II 
B. Temperature dependence of the dc magnetic susceptibilities
The temperature dependence of the dc magnetic susceptibilities χ dc = M/H dc determined from the measured magnetization (M) in the presence of external magnetic field H dc = 50, 100, 500, 1000, and 10,000 Oe is shown in Fig. 5 for Co 2 TiO 4 . The data are shown for both the traditional ZFC and field cooled (FC) cases. The significant features of the data are χ peaking at a temperature near 46 K, suggesting ferrimagnetic ordering, and a crossover in sign for χ (ZFC) and χ (FC) at a compensation temperature near 32 K, where the magnetization of the two sublattices balance each other. [15, 16] are shown in Fig. 7 for the ZFC and FC cases in H = 100, 500, 1000, and 5000 Oe. Although there are some similarities with the data for Co 2 TiO 4 in Fig. 5 , the behavior near the compensation temperature of 32 K in Co 2 TiO 4 is not observed in Co 2 SnO 4 . Instead, there is a bifurcation of the FC and ZFC data beginning near 7 K, which is field independent, and a second bifurcation at higher temperatures, the location of which is field dependent. More information on these differences between the two systems become evident from the behavior of the hysteresis loop parameters discussed later. 
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C. Temperature dependence of the ac magnetic susceptibility
The temperature dependence of the ac magnetic susceptibilities χ and χ were measured using a frequency of 2 Hz with h ac = 4 Oe superimposed with various dc fields H dc between 0, 10, 20, and 30 Oe. The results of the plots of χ and χ vs temperature in Fig. 8 show splitting of a single peak near 46.5 K into two peaks when H dc is increased. In the χ vs T data, the higher temperature peak shifts to the higher temperature side with increase in H dc , whereas the reverse is true for the lower temperature peak. The transition at 46.5 K was probed further by measuring temperature dependence of χ and χ at nine different frequencies f m between 0.17 and 1202 Hz using h ac = 4 Oe and H dc = 0. The results are plotted in Fig. 9 . For χ , the peak at 46.8 K measured at the lowest frequency of 0.17 Hz shifts to higher temperatures with increase in frequency, approaching near 47.11 K at f m = 1202 Hz.
This kind of frequency dependence of the peak in the ac susceptibility curves seems to be qualitatively quite similar to what we had observed earlier in Co 2 SnO 4 [16] . However, a detailed quantitative analysis of the data revealed a marked difference between the two systems. As in the case of Co 2 SnO 4 [16] , we tried to analyze the frequency dependence seen in Co 2 TiO 4 using two scaling laws: (i) the Vogel-Fulcher law, which is given by the expression τ = τ 0 exp[
], where τ 0 is the relaxation time constant, T 0 is a measure of the interaction between magnetic clusters, k B is the Boltzmann constant, and E a is an activation energy parameter; and (ii) the power law, which describes the critical slowing down in a spin-glass phase transition at T g , and is given by τ = τ 0 [(
where T g is the freezing temperature, τ 0 is related to the relaxation of the individual cluster magnetic moment, and zν is a critical exponent. Here, τ =
. While for Co 2 SnO 4 [16] , we could obtain physically reasonable fit parameters using both the Vogel-Fulcher law as well as the power law albeit using a very limited temperature range, for Co 2 TiO 4 , the situation is different. In Fig. 10 , we show the best representation of the data that was obtained using the Vogel-Fulcher law, with T 0 = 45.8 K and τ 0 = 3.2 × 10 −16 s. However, an attempt to fit the data using the power law, yielded quite unphysical values of the fit parameters (viz. τ 0 ∼ 10 −33 s and zν > 16), indicating the lack of SG phase transition.
D. Temperature dependence of the hysteresis loop parameters
Hysteresis loop measurements of M vs H for the Co 2 TiO 4 sample were performed at selected temperatures between 5 and 60 K in the magnetic field range of −90 to +90 kOe. The measurements were done in the ZFC (FC) protocol in which the sample is cooled in H dc = 0 Oe (H dc = 20 kOe) from the paramagnetic state to the measuring temperature followed by measurements of M vs H. For the data at the next temperature, the sample was again warmed to the paramagnetic state and cooled back similarly to the next measurement temperature. Hysteresis loops at four selected . Note that, below 10 K, all the M-H data appear like minor loops; thus, extracted magnitudes of H C , H EB , and M R are underestimated significantly. Due to this reason, we do not show the data for T < 10 K. Particularly noteworthy are the large magnitudes of H C ∼ 20 kOe. In addition, there is a minimum in M R and M max at 30 K, the temperature for which partial compensation of the two sublattices was indicated in Figs. 5 and 6. Observation of nonzero M R is evidence for the presence of M WF . We will return to the discussion of these results and their significance later in Sec. V.
For comparison, Fig. 14 shows the temperature dependence of H C and H EB for the Co 2 SnO 4 system. In this case, a hysteresis loop is observed only between 10 and 35 K with a peak in H C occurring at 20 K, and there is no difference in the magnitude of H C for the ZFC case and the FC case in which the sample was cooled in H = 10 kOe from well above T N . The exchange bias H EB is observed only for the FC case.
E. Temperature dependence of the specific heat
The plots of the temperature dependence of the specific heat C p (T ) of Co 2 TiO 4 measured in H dc = 0, 10 and 50 kOe are shown in Fig. 15 . From 5 to 28 K, the data were taken at temperature intervals of 2 K and from 28 to 60 K in steps of 1 K. In H dc = 0 Oe, a single shoulder in C p vs T is observed at T N = 47.8 K, very similar to the earlier studies by Ogawa and Waki [20] . In applied field of 10 and 50 kOe, this peak becomes diffuse and shifts by a few degrees to higher temperatures (see 214434-7 inset of Fig. 15 ). Interestingly, another peak is observed at 31.7 K when H dc = 50 kOe, suggesting some relationship of this peak with the compensation temperature noted above from M vs T data in Figs. 5 and 6.
As discussed in our paper on Co 2 SnO 4 [16] , magnetic entropy S M and magnetic specific heat are related by the thermodynamic relation d(S M )/dT = C M /T . Since it is difficult to accurately separate out the lattice contribution to C p , we have plotted C p /T vs temperature in Fig. 16 to get additional information on the magnetic ordering. The slight shift and blurring of T N at 47.8 K to higher temperatures with increasing H is evident, in addition to a peak near 32 K and a weaker anomaly around 10 K. The fact that the peak in C p at T N in H dc = 0 is quite weak (almost like a shoulder) compared to peaks observed in typical second-order transitions in three-dimensional (3D) systems is due to unconventional (J mol 
V. DISCUSSION
The paper by Hubsch and Gavoille [17] on the nature of magnetic ordering in Co 2 TiO 4 reported T N = 55 K followed by spin-glass ordering at T SG = 46 K. However, between 55 and 46 K, the remanence M R was extremely small, reaching a peak value of only about 0.05 emu/g at 50 K, and then becoming zero again at 46 K. Below 46 K, M R increased rapidly, peaking at M R = 0.7 emu/g at 40 K before compensation sets in. In the C p vs T measurements of Ogawa and Waki [20] and in our studies reported here in Fig. 15 , a peak in C p is observed only near 48 K, although under nonzero applied H dc , this feature becomes more diffused and shifts to higher temperatures.
The phenomenon of compensation observed near 32 K in Figs. 5 and 6 confirms the earlier observation of Hubsch and Gavoille [17] However, the compensation in Co 2 TiO 4 is not complete in that the magnetization measured at the minimum is not quite zero, and it increases as the magnetic field used for the measurements is increased. In ferrimagnets with different magnetic moments on the A and the B sites and which also have different temperature dependence, a complete compensation or at least a minimum in the observed moment μ(T ) = μ(A) − μ(B) could occur at a certain temperature below T N [15] .This is clearly observed here in Co 2 TiO 4 in both the measured M (Figs. 5 and 6 ) and in M R [ Fig. 13(a) n , where n is system dependent and can be as large as 10 [31] . Therefore, in the SW model, H C should continue to increase with decrease in temperature below T N . In the plot of H C vs T in Fig. 13(a) for Co 2 TiO 4 , an increase in H C with a decrease in T is observed, reaching a peak at about 10 K below which H C decreases, and it is accompanied by the appearance of a very significant H EB . In real systems, H C is affected by impurities and grain boundaries which pin down the domain walls and prevent their rotation as the magnetic field is varied. The M vs T plot of Fig. 6 shows that, below T comp , the FC and ZFC curves bifurcate at a certain temperature T b , which decreases as H dc increases. This is similar to the observation reported in Ni-hydroxide layered systems [32, 33] , where this phenomenon was associated with the blocking temperature of nanocrystallites. In both Co 2 TiO 4 and Co 2 SnO 4 , the crystallite size is in the micrometer range. However, because of the substitution of the different magnetic ions with different magnetic moments on the B sites, the formation of magnetic clusters is very likely. The bifurcation of the M (FC) and M (ZFC) curves in Figs. 6 and 7 at a specific temperature T b , which decreases with increase in H dc , may thus be due to freezing of these magnetic clusters. The observations of very large H C and H EB -like behavior at 10 K in Co 2 TiO 4 could thus result from the inability of the spins in the frozen clusters to follow the magnetic field.
Another noteworthy result in Co 2 TiO 4 is the lack of saturation of the magnetization in H up to 90 kOe (Figs. 11  and 12 ). In the results reported by Hubsch and Gavoille [17] , lack of saturation was evident even up to 150 kOe. These results suggest noncollinear ordering of spins in Co 2 TiO 4 . Preliminary neutron diffraction measurements by Hubsch and Gavoille [17] were evidence for the canting of the spins, which is consistent with nonsaturation of the magnetization. Qualitatively, this situation may be akin to that in the spinel Mn 3 O 4 for which the two sublattices were found to be inadequate to describe the magnetic structure below T N [34] . In Co 2 TiO 4 , the B sites are occupied by two different magnetic ions, Co 3+ and Ti 3+ , as reported here; therefore, at least a three-sublattice model is necessary to describe its magnetic structure. Srivastava et al. [7] have discussed a three-sublattice model in which magnitudes of the saturation magnetization and temperature dependence of paramagnetic susceptibility are used to solve for the exchange constants. Since, in Co 2 TiO 4 , magnetization does not saturate even up to 150 kOe, as noted above, this model cannot be applied to Co 2 TiO 4 . Thus, determining the nature of magnetic ordering of the spins below T N in Co 2 TiO 4 remains an outstanding challenge, both experimentally and theoretically.
VI. CONCLUDING REMARKS
Results and their analysis on the structural and magnetic properties of Co 2 TiO 4 are presented here along with a comparison with the properties of the isostructural compound Co 2 SnO 4 , reported here as well as in published papers recently [15, 16] . The major results are as follows: (i) analysis of the temperature dependence of the dc susceptibilities above T N using the Néel expression for ferrimagnets yields magnetic moments μ(A) = 3.87 μ B and μ(B) = 5. 4 . This difference in the electronic structures of the ions on the B sites is used to explain the difference in the observed μ(B) values and the lack of definite evidence for the presence of spin-glass transition in Co 2 TiO 4 in contrast to the observation in Co 2 SnO 4 ; (iii) a compensation temperature of T comp 32 K is observed for Co 2 TiO 4 below which the system retains its ferrimagnetic character. In contrast, a similar compensation point is not observed in Co 2 SnO 4 , although below 7 K, there is no coercivity or remanence which would be signatures of a compensated state; and (iv) the large magnitudes of the coercivity H C observed in Co 2 TiO 4 in the uncompensated state most likely results from spin clusters. Also, the observed field-dependent magnetization reversal and lack of saturation of the magnetization in Co 2 TiO 4 below its T N in magnetic fields up to 150 kOe suggest complex canting of the spins, which can be best determined by neutron diffraction measurements. It is hoped that the results presented here will provide the motivation for additional investigations.
